IMPORTANCE Retinopathy of prematurity (ROP) is a leading cause of childhood blindness worldwide. Optical coherence tomography (OCT) has improved the care of adults with vitreoretinal disease, and OCT angiography (OCTA) is demonstrating promise as a technique to visualize the retinal vasculature with lower risk and cost than fluorescein angiography. However, to date, there are no commercially available devices able to obtain ultra-wide-field OCT or OCTA images in neonates.
R etinopathy of prematurity, one of the leading causes of childhood blindness in the world, 1 develops when prematurely born infants with immature retinal vasculature are introduced to a relatively hyperoxic environment at birth, which can lead to abnormal vascular development. 2 The international classification of retinopathy of prematurity defines the following 3 characteristics of ROP: zone (how much of the retina is vascularized), stage (how abnormal the vessels and vitreoretinal interface are at the border of avascular retina), and plus disease (how dilated and tortuous the arteries and veins are in the posterior pole). 3 The criterion standard for diagnosing ROP has historically been indirect ophthalmoscopy performed by an experienced examiner, although image-based diagnosis with telemedicine interpretation of color fundus images has recently demonstrated promise, especially for implementation in regions where experienced examiners may not be available. 4 In both cases, however, interobserver agreement on zone, stage, and plus disease has been shown to be variable and subjective. 5 Optical coherence tomography (OCT) has improved the care of adult patients with vitreoretinal diseases, and there is early evidence that OCT may aid in the diagnosis of some aspects of ROP. 6, 7 Optical coherence tomography angiography (OCTA) detects intrinsic motion within the layers of the retina to depict blood flow and is increasingly being used in adult retinal diseases such as age-related macular degeneration and diabetic retinopathy to directly visualize normal and abnormal retinal blood flow in vivo. 8 There are currently no commercially available portable devices capable of performing OCTA in neonates with ROP. There has been a single report of performance of imaging on an outpatient infant with ROP using a commercially available OCTA device manufactured by Optovue, 9 and Chen et al 10 recently reported on a microscopemounted device capable of obtaining OCTA images in the operating room. Here, we report our initial results using a prototype handheld OCT and OCTA device in the neonatal intensive care unit and operating room in neonates with ROP.
Methods
We developed a handheld OCT and OCTA system using a 100-kHz tunable laser (Axsun Technologies), with a lateral resolution of 17 μm and axial resolution of 5 μm. 11 We developed separate scanning protocols ranging from 2 to 4 seconds using both noncontact-based and contact lens-based approaches. The noncontact method provided a field of view of approximately 40°and was obtained by holding the probe directly above the surface of the eye. A real-time en face OCT display helped align the scanning region, which was controlled by a second operator on the computer. Using a pediatric wide-angle lens and a contact lens-based approach, we were able to obtain both ultra- 
Results
A total of 4 neonates were included in this series and ranged in age from 34 to 43 (mean, 38) weeks' postmenstrual age. Three were male, 3 were non-Hispanic white, and 1 was Hispanic. We obtained images using both contact lens-based and noncontact-based approaches. Figure 1 shows 3 representative sets of images from 3 neonates who underwent imaging during routine ROP screening. The noncontact scans demonstrate an approximately 40°field of view with en face infrared images that are displayed on the monitor in real time, and several representative line scans. Figure 1C was obtained using a contact lens-based approach, demonstrating a larger field of view. The OCT scans demonstrate various degrees of foveal development and choroidal thickness. In addition, in 1 neonate who required surgery for a retinal detachment, we obtained contact UWF OCT images ( Figure 2 ) and OCTA images ( Figure 3 ) during examination while the patient was under anesthesia. Figure 2 demonstrates the 100°field of view we were able to capture and the 3-dimensional reconstruction of these scans demonstrating the organization of preretinal hyperreflective material on UWF OCT imaging that clinically corresponded to whitish preretinal fibrotic membranes in regions of previous extraretinal neovascularization. The OCTA images in Figure 3 demonstrate attenuated retinal flow in regions of previous laser treatment, loss of choriocapillaris with sparing of the larger choroidal vessels, and the absence of flow in the preretinal membranes.
Discussion
We present data from a prototype, handheld OCT device that can obtain UWF OCT and OCTA images in the neonatal intensive care unit and operating room in patients with ROP. There is good rationale to believe that objective anatomical evaluation of patients with ROP using OCT and OCTA could improve our understanding of and ability to manage disease in patients with ROP. Currently available portable OCT technology has identified subclinical changes in ROP, such as cystoid macular edema, incomplete foveal development, and choroidal
Key Points
Question Is it possible to perform optical coherence tomography angiography in neonates with retinopathy of prematurity using a handheld device?
Finding In this case series of 4 neonates with retinopathy of prematurity (3 in the neonatal intensive care unit and 1 under anesthesia in the operating room), handheld optical coherence tomography angiography was able to demonstrate retinal and choroidal vascular changes following laser treatment.
Meaning Handheld optical coherence tomography angiography was able to noninvasively visualize microvascular changes in retinopathy of prematurity, suggesting that future development and clinical validation of this technology in retinopathy of prematurity may be feasible.
thickness changes as well as vitreoretinal traction, retinoschisis, and retinal detachments, and early studies have suggested that the 3-dimensional architecture of the retinal vasculature may correlate with the diagnosis of plus disease.
7,13
Optical coherence tomography is ideal for evaluating the structural changes in the retina and vitreous in ROP, and the use of UWF OCT may improve our understanding of peripheral vitreoretinal interface changes in ROP that precede and can lead to retinal detachment. As shown in Figure 2 , we are able to visualize preretinal membranes at the border of laser treatment by using UWF OCT in a patient with a history of type 1 ROP. The use of wide-angle fluorescein angiography when incorporating angiography into the evaluation of patients with ROP has demonstrated some utility in improving diagnostic agreement for zone and stage and for evaluating atypical patterns of retinal neovascularization.
14 Optical coherence tomography angiography can provide similar information without fluorescein dye injection, but does not provide the same field of view. In theory, however, OCTA could be used to visualize the developing retinal and choroidal vasculature and has the potential to improve our understanding of both normally developing immature retinal vessels and the development of abnormal shunt vessels and neovascularization in ways not possible with fluorescein angiography. Figure 3 demonstrates in vivo retinal and choroidal vascular changes using a handheld OCTA device in an infant after laser treatment.
Limitations
The limitations of this study include its small sample size, lack of comparison with color fundus photography and fluorescein angiography, and lack of healthy controls. In these images, the OCTA image resolution is less than what can be obtained in commercially available devices in cooperative patients. 
Conclusions
To our knowledge, there is no commercially available handheld device capable of obtaining UWF OCT and/or OCTA images and there are added technical challenges when trying to develop and validate this technology for neonates. In particular, the quality of OCTA images is sensitive to motion artifact (relative motion between the camera and patient). Using our 100-kHZ swept-source prototype, we observed some motion artifact even in sedated neonates (Figure 3 ). The use of handheld OCTA in awake adult patients by using this device in a noncontact fashion with minimal motion artifact has previously been reported 11 ; however, the use of a contact lens was found to be helpful for image stabilization and OCTA acquisition in neonates. Postprocessing image registration and the development of active tracking may improve acquisition of OCTA images in neonates in the future. Nonetheless, these data demonstrate proof of principle that it is feasible to obtain high-quality UWF OCT and OCTA images using a handheld device, and there is potential for future development and clinical validation of this technology in patients with ROP. Author Contributions: Drs Campbell and Liu had full access to all the data in the study and take responsibility for the integrity of the data and the accuracy of the data analysis. 
